1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
J Am Chem Soc. 2009 November 25; 131(46): 16779. doi:10.1021/ja9050636.

Nylon-3 Co-Polymers that Generate Cell-Adhesive Surfaces
Identified by Library Screening

Myung-Ryul Leel, Shannon S. Stahlll*, Samuel H. Gellmanli*, and Kristyn S. Masters?:”
1 Department of Chemistry, University of Wisconsin, Madison, WI, 53706

2 Department of Biomedical Engineering, University of Wisconsin, Madison, WI, 53706

Abstract

Polymers in the nylon-3 family contain subunits derived from -amino acids, which are linked to
one another via amide bonds. Thus, the nylon-3 backbone is homologous to the a-amino acid-based
backbone of proteins. This molecular-level homology suggests that nylon-3 materials might be
intrinsically protein-mimetic. The experiments described here explore this prospect in the context of
cell adhesion, with tissue engineering as a long-range goal. We have evaluated a small library of
sequence-random nylon-3 copolymers for the ability to render surfaces attractive to NIH 3T3
fibroblast adhesion and spreading. Library screening was accomplished in a high-throughput, parallel
mode via attachment of the copolymers in a two-dimensional array to a modified glass surface.
Significant variations in fibroblast adhesion and spreading were observed as a function of nylon-3
subunit identity and proportion. Several of the nylon-3 copolymers supported cell adhesion and
morphology that was comparable, or even superior, to that achieved on positive control substrates
such as tissue culture polystyrene and collagen-coated glass. Moreover, studies conducted under
serum-free conditions demonstrated that specific nylon-3 derivatives supported cell adhesion
independently of serum protein adsorption. Although cell adhesion was diminished in the absence
of serum, particular copolymers demonstrated an ability to support substantially greater cell adhesion
than any of the other conditions, including the positive controls. The nylon-3 copolymers that were
most effective at promoting adhesion to a modified glass surface proved also to be effective at
promoting adhesion when attached to a PEG-based hydrogel, demonstrating the potential for these
copolymers to be used in tissue engineering applications.

INTRODUCTION

Considerable effort has been devoted to the development of synthetic substrates that can
provide biomimetic signals to cells, encouraging them to attach and behave as they would in
their natural environment=. Efforts of this type could ultimately enable valuable medical
technologies, such as the ex vivo growth of tissues that can be used for transplantation. In the
near-term, such research provides insight on the ways in which cells receive signals from their
surroundings, and on strategies for rational control of this signaling.

Substrates for cell attachment, growth and differentiation may be generated in the laboratory
by employing naturally-derived materials, such as collagen components, or non-native
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materials, such as synthetic polymers, or natural-synthetic combinations5. Natural components
are attractive because they may contain powerful signaling elements. Disadvantages of using
natural components include the possibility of inadvertently introducing viruses or other
infectious agents, and the inability to control composition or nanoscale structureb. Synthetic
components for cell growth can be generated free of infectious agents, and the chemist’s ability
to vary the molecular and nanoscale structure of such materials should, in principle, enable
control over the signals conveyed to cells (either directly or via adsorbed proteins). In practice,
however, limitations in preparative capabilities and an incomplete understanding of signaling
between cells and their natural substrates prevent realization of the full promise of synthetic
materials at present. Evaluation of new materials as components of substrates for cell growth
remains an important research goal.

Some synthetic materials employed as substrates for cell growth are generated from a single
type of molecule, such as the peptide-amphiphiles introduced by Stupp et al. 7 8, the peptides
developed by Zhang et al. 9- 10 and the hairpin peptides of Schneider, Pochan et al. 11. In these
cases the molecules self-assemble to create macroscopic structures that serve as cell attachment
substrates. The use of perfectly monodisperse synthetic oligomers to create such substrates is
attractive because, in principle, this approach allows careful tailoring of the functionality
displayed; however, the preparation of these molecules requires many chemical steps, which
makes these materials costly. Alternatively, cell-attachment substrates may be generated from
self-assembling polymers, which are necessarily polydisperse. These polymeric materials are
often relatively inexpensive to prepare, but the heterogeneity displayed by synthetic
copolymers in terms of length, subunit composition and subunit sequence may limit the extent
to which such materials can promote cellular attachment and growth. Hybrid approaches are
possible as well, in which the self-assembly function is achieved with a readily prepared
polymer that has no intrinsic signaling capability (e.g., polyethylene glycol (PEG)), and the
signaling function is achieved by appending a discrete peptide, e.g., a sequence containing the
RGD motif, to the polymer 12,

Here we describe an evaluation of nylon-3 polymers as components for artificial tissue
engineering substrates. Very little is known about the behavior of nylon-3 materials in
biological systems because until recently only limited functional variation could be achieved
within this polymer class. Our long-term goal is to develop nylon-3 copolymers containing
subunits that direct self-assembly linked to subunits that convey information leading to cellular
attachment. The initial studies described below, however, focus exclusively on the latter goal.

Several features of the nylon-3 family render these materials attractive for biomaterials
applications. First, the backbone is inherently protein-mimetic, since the repeat unit differs
from that in proteins simply by the presence of an additional carbon (Figure 1; proteins are
composed of a-amino acid residues, while nylon-3 polymers are comprised of 3-amino acid
residues). Second, nylon-3 materials are readily prepared via ring-opening polymerization
(ROP) of B-lactams!3. This controlled polymerization provides access to block copolymers as
well as homopolymers and random copolymers. Third, recent developments in -lactam
synthesis enable considerable variation in the side chain functionality that is presented by the
nylon-3 chain. In particular, we have generated p-lactams that allow incorporation of cationic
subunits or polar but uncharged subunits into the polymer chain14: 15. The limited exploration
to date of biological applications of nylon-3 polymers presumably reflects the fact that most
previous examples contained exclusively hydrophobic subunits and displayed poor solubility.

This report documents a two-stage evaluation of nylon-3 materials as components of cell
growth substrates. First, we use two-dimensional polymer arrays immobilized on
functionalized glass to assess interactions between a small library of cationic nylon-3
copolymers and NIH 3T3 fibroblasts. This approach enabled us to screen rapidly through a
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variety of copolymer compositions in order to identify the most promising systems. Second,
hydrogels formed from PEG bearing some of the most favorable nylon-3 derivatives are
examined as substrates for cell growth. The performance of these functionalized hydrogels
suggests that they represent promising candidates for tissue engineering applications.

MATERIALS AND METHODS

Materials

Chemicals, polyethylene glycol (Mn 3400, 202444) and chambered coverslips (C7735) were
obtained from Sigma-Aldrich, amine functionalized glass (SMM2) from Arraylt, collagen
(PureCol™) from Inamed Biomaterials, Irgacure 2959 from Ciba Specialty Chemicals,
Dulbecco’s Modified Eagle’s Medium (DMEM), cell culture supplements, LIVE/DEAD
viability/cytotoxicity kit (L3224), Quant-iT" picogreen dsDNA Assay kit (P7589) and
NanoOrange Protein Quantitation Kit (N6666) from Invitrogen, syringe filter with 0.2 um
cellulose acetate membrane (192-2520) from Nalgene, round cover glass (12-545-80) and M-
PER lysis buffer (78501) from Thermo Fisher Scientific, and NIH 3T3 fibroblast cells from
the American Type Tissue Collection (ATCC). NIH 3T3 cells were stained using a LIVE/
DEAD kit and scanned using a GeneTAC UC 4x4 scanner (Genomic Solution). All scanned
data were analyzed using the GeneTAC quantitation program or GenePix Pro 6.0 demo version.

Synthetic procedures for monomers and PEG-diacrylate—p-Lactams, shown in
Figure 2, were synthesized via previously reported methods 1518,

(¥)-7-(2-Tritylthioacetyl)-7-azabicyhclo[4,2,0]octan-8-one (I)—

(o]
j\/sm bcc 1, CHaCl N’U\/STI1
HO CH.Cly, 2h  LHMDS, 4h

o]
-1

(*)

To a stirred solution of tritylthioacetic acid (8.9 g, 26.8 mmol) in dry CH,Cl, (190 mL) was
added dicyclohexylcarbodiimide (DCC) (2.8 g, 13.4 mmol). After 2 h, the reaction mixture
was filtered through celite to remove dicyclohexylurea, and the celite pad was rinsed with
diethyl ether. The combined filtrate was concentrated in vacuo. To a stirred solution of the
concentrated residue and p-lactam 1 (1.5 g, 12.1 mmol) in dry CH,Cl, (40 mL) was added 1
M lithium bis-(trimethylsilyl)amide (LHMDS) in THF (12 mL). After 4 h, the reaction mixture
was diluted with EtOAc and washed with 1 N HCI, sat. ag. NaHCO3 and then brine. The organic
layer was dried (MgSO,) and concentrated in vacuo. The crude product was purified by silica
column chromatography (6:1 to 3:1 hexane/EtOAc containing 1% Et3N) to give | in 34% yield
as a solid: mp 156-159 °C; 1H NMR (300 MHz, CD30D) & 7.48-7.38 (m, 6 H), 7.34-7.16 (m,
9 H), 4.09-4.01 (m, 1 H), 3.49-3.36 (m, 2 H), 3.24-3.14 (m, 1 H), 2.06-1.93 (m, 1 H), 1.91-
1.62 (m, 3 H), 1.59-1.38 (m, 4 H); 13C NMR (75 MHz, CD30D) & 168.7, 166.6, 144.2, 129.7,
128.0, 126.9, 67.2, 49.8, 46.5, 36.8, 23.1, 19.4, 18.9, 16.9; HRMS (m/z, ESI) calcd for
C14H19NOy4 (M+Na)* 464.1655, found 464.1676.

PEG-diacrylate

To a stirred solution of polyethylene glycol (2 g, 0.59 mmol) in dry CH,Cl, was added
triethylamine (0.18 g, 1.77 mmol) and acryloyl chloride (0.16 g, 1.77 mmol) at 0°C. After 24
h at room temperature, the reaction mixture was poured into diethyl ether (400 mL). The
precipitated solid was isolated by filtration and dried. After drying, the crude product was
dissolved in deionized water (20 mL) and dialyzed against 1 L deionized water (2 x 8 h) using
MW(CO 100 dialysis tubing to remove Et3N*HCI salt and low molecular weight impurities.
After dialysis, the solution was lyophilized to give PEG-diacrylate in 85% yield as a solid: 1H
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NMR (300 MHz, CDCl3) § 6.42 (dd, 1 H, J = 17.4, 1.5 Hz), 6.15 (dd, 1 H, J = 17.4, 10.5 Hz),
5.83 (dd, 1 H, J = 10.8, 1.8 Hz), 4.34-4.27 (m, 2 H), 3.91-3.37 (m, 219 H).

Polymer synthesis

Nylon-3 polymers were prepared using reported procedures 9. Polymers with Boc-protected
side chain amino groups were analyzed by gel-permeation chromatography (GPC) using an
instrument equipped with a Wyatt multiangle light scattering detector and a refractive index
detector, and the molecular weight was calculated using ASTRA 5.3.2.15 software. In order
to calculate the number-averaged molecular weight (M,) and polydispersity index (PDI), a dn/
dc value of 0.1 mL/g was used for each polymer.

Preparation of HTS glass

Aminated glass slides were placed in a staining jar. A 3% solution of succinic anhydride and
iProEtN in DMF (30 mL) was poured into the staining jar and then shaken gently for 3 h. After
thorough rinsing of the jar with DMF, a 3% solution of diisopropylcarbodiimide (DIC) and N-
hydroxysuccinimide (NHS) in DMF (30 mL) was poured into the staining jar. After gentle
shaking for 3 h, the slides were washed with DMF and then dried with N, gas. The dried NHS-
activated glass slide was covered with a coverslip containing 50 wells. An aliquot (8 uL) of
control solution C1 = 5% (v/v) aminoethanol in 100 mM NaHCOj3 containing 15% glycerol,
or C2 = 5% (v/v) ethylene diamine in 100 mM NaHCOj3 containing 15% glycerol, or C3 =100
mM NaHCO3 containing 15% glycerol, or C4 =5 %(w/v) NH,-PEG-OH (M,, = 3000) in 100
mM NaHCOj3 containing 15% glycerol, or C5 =5 %(w/v) NH»-PEG-NH, (M, = 3000) in 100
mM NaHCO3 containing 15% glycerol) or of a solution containing a specific polymer (1 mM
in 100 mM NaHCOs containing 15% glycerol) was added into each well. The glass slide was
placed in a water-loaded petri dish as a humidified chamber. After 12 h at room temperature,
the glass slides were thoroughly rinsed with deionized water and then dried with N, gas.

Preparation of collagen-coated wells

Untreated, aminated glass slides were covered with a glass coverslip, placed in a petri dish,
and 8 pL of type I collagen solution (1.75 pg/mL in bicarbonate coating buffer) was added to
each well. The petri dish and enclosed slide were incubated for 20 h at 4°C. After incubation,
the slide was rinsed twice with deionized water (10 pL/well) and then dried under N, gas.

Screening of NIH 3T3 cell adhesion to polymer-functionalized substrates

NIH 3T3 fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2 mM L-glutamine at 37°C in a 5% CO5 environment. A cell suspension
was prepared for seeding on HTS glass surfaces following detachment of the cells via
trypsinization (0.05% trypsin + 0.02% EDTA), centrifugation, and resuspension of the cell
pellet in culture medium to a final concentration of 0.125 x 10° cells/mL. Cells were seeded
into wells of the glass coverslip via addition of 8 uL of cell suspension to each well. After
incubation for 2 h, the petri dish containing the slide was filled with 25-30 mL culture medium.
Serum-free experiments were performed using the aforementioned medium formulation in the
absence of FBS. At one day post-seeding, cell viability was assessed using a Live/Dead
fluorescent staining assay. In this assay, calcein AM (2 uM) is cleaved into a fluorescent green
product by intracellular esterases found only in viable cells, while the red fluorescent ethidium
homodimer-1 (4 pM) penetrates only dead cells. Twenty min following the addition of the
viability staining solution, the number of adherent cells in each well was quantified using a
GeneTAC UC 4x4 scanner, and fluorescent photomicrographs of the slides were captured
using a fluorescence microscope.
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Protein adsorption to polymer-functionalized substrates

Polymer-functionalized and corresponding control substrates were placed in a humidified petri
dish environment, and 8 pL of complete growth medium (containing 10% FBS) was deposited
in each well of the slide. At time points of 30 min and 2 h following the addition of solution
to the wells, each well was washed twice with deionized water and then dried with N, gas. The
amount of protein adsorbed onto the substrates was measured via the NanoOrange protein
assay, inwhich 10 uL 1X NanoOrange working solution was added to each well and incubated
for 1 h at room temperature. The slide was then scanned using a GeneTAC UC 4x4 scanner,
and protein concentration was determined using a standard curve generated from known
concentrations of bovine serum albumin (BSA).

Modification of PEG hydrogels for cell adhesion

Statistics

RESULTS

A solution of 20% (w/v) PEG-diacrylate was prepared in phosphate buffered saline solution
(PBS, pH 7.4) and sterilized via syringe filtration. The sterilized PEG-diacrylate solution was
mixed with a photoinitiator (0.05% Irgacure-2959) and then combined with 1 mM CGRGDS,
or 1 mM cysteine-terminated nylon-3 derivative (Pol-5, Pol-9, or Pol-15), or left unmodified
to yield a final PEG-diacrylate concentration of 15 wt%. The cysteine-terminated sequences
were covalently coupled to the PEG-diacrylate polymer chains via a thiol-ene reaction as
previously described 20, and the RGD-containing sequence was used as a positive adhesion
control. These PEG solutions (60 uL x 4 per sample solution) were sandwiched between two
circular glass coverslips and placed under a long-wavelength UV light (365 nm, 3.9 mw/
cm?) for 5 min to induce crosslinking. Following gelation, the top coverslip was removed, and
each gel was placed into a well of a 24-well plate with 0.5 mL cell culture medium, changed
three times over 24 h prior to cell seeding. NIH 3T3 fibroblasts were cultured as described
earlier and seeded into wells at a concentration of 50,000 cells/cm?. At one day post-seeding,
the culture medium in each well was removed and replaced with Live/Dead solution (2 uM
calcein-AM, 4 uM ethidium-homodimer-1in PBS). After 5 minutes of incubation in Live/Dead
solution, photomicrographs of the cells were captured using a fluorescence microscope. The
PEG gel samples were then transferred to a new 24-well plate, and adherent cells were removed
from the PEG gel substrates via application of 250 uL. M-PER lysis buffer (Mammalian Protein
Extraction Reagent) to the wells for 30-60 min. The number of adherent cells in the cell lysates
was quantified via a PicoGreen DNA assay according to manufacturer’s instructions, using a
fluorescence microplate reader (Synergy HT, Biotek Instruments, Winooski, VT), and the
standard curve generated from a dsDNA stock solution.

Data are presented as mean * standard deviation and were compared using ANOVA with
Tukey’s HSD post-hoc test. P values less than or equal to 0.05 were considered statistically
significant.

Polymer design and synthesis

Controlled ring-opening polymerization of B-lactams requires the use of a catalytic base and
a co-initiator to ensure a coordinated start to polymer chain growth, which leads to low
polydispersity. We employed LiN(SiMes), as the base and imide | as the co-initiator. The co-
initiator gives rise to the N-terminal B-amino acid residue in the polymer chain (Figure 2), and
the use of | places a trityl-protected thiol group at the N-terminus. Deprotection provides a
unique thiol in the polymer chain. In some of the applications described below this thiol is used
for covalent attachment of nylon-3 molecules to the vinyl groups of diacrylated PEG via a
photo-initiated thiol-ene reaction 20,

J Am Chem Soc. Author manuscript; available in PMC 2010 November 25.
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B-Lactams CH, CO, MM, DM and DH were used to prepare the nylon-3 derivatives discussed
below. The cyclohexyl and cyclooctyl rings of CH and CO, respectively, give rise to
hydrophobic subunits in polymers that are prepared from these p-lactams. MM (for
“monomethyl”) and DM (for “dimethyl™) contain a substituent bearing a Boc-protected amino
group. After polymerizations involving these p-lactams, the side chains can be deprotected;
the resulting amino groups are protonated at neutral pH and below, which confers water-
solubility on polymers that contain MM or DM subunits. Deprotection of a DH (for
“dihydroxyl”) subunit after polymerization gives rise to two side chains each of which bears
a hydroxyl group. Thus, the DH subunits are polar but uncharged and therefore distinct from
the hydrophobic CH and CO subunits or the cationic MM and DM subunits.

All of the nylon-3 derivatives we examined contain either MM or DM subunits; thus, all are
expected to bear positive charge in the presence of cell culture medium. This feature should
promote hydration of immobilized polymer chains and facilitate interactions with cell surfaces.
In addition to the cationic homopolymers, containing only MM or DM subunits, we examined
a variety of random copolymers prepared from binary B-lactam mixtures: MM+CH, MM
+CO, DM+CH and MM+DH (Figure 3). Several different stoichiometries were examined for
each pairing. For the cationic/hydrophobic combinations, we prepared copolymers containing
10%, 20%, 30% or 40% of the hydrophobic subunit (CH or CO), and for the cationic/
dihydroxyl combination we prepared copolymers containing 10%, 20%, 30%, 40%, 50% and
60% of the DH subunit. GPC analysis of the protected polymers indicated that these materials
generally contained an average of 22-28 subunits, with M,,/M, = PDI values in the range 1.2
to 1.4. Each of our five B-lactams is chiral, and each was used in racemic form; therefore, each
of the 20 polymers in our nylon-3 library is heterochiral (mixture of diastereomers).

Fabrication of substrates

Functionalized glass surfaces were used in our initial efforts to evaluate the ability of nylon-3
polymers to render a surface hospitable for NIH 3T3 cell attachment. A standard approach was
used to modify the surface of commercially available amino-functionalized glass in a way that
generates electrophilic sites, which are necessary for polymer immobilization (Figure 4). The
amino-functionalized glass surface was treated with succinic anhydride to generate a surface
that displays carboxyl groups, and these carboxyl groups were then converted to N-
hydroxysuccinimide (NHS) esters.

Immobilization of our amine-containing polymers was achieved by allowing them to react with
the NHS-functionalized glass. The cartoon in Figure 4 shows only one point of surface bonding
per polymer chain, but it is quite possible that some or all polymer molecules are linked to the
surface at more than one point. Surfaces for control studies were generated by allowing the
NHS-functionalized glass to react with amino ethanol (“hydroxyl”; C1), ethylene diamine
(“amine’; C2), amino-PEG-alcohol (“PEG-alcohol”; C4) or amino-PEG-amine (“PEG-
amine”; C4). Another control surface was generated by treating the NHS-functionalized glass
with 100 mM aqueous NaHCOg3, which was expected to hydrolyze the NHS esters and generate
a “carboxyl” surface (C3).

A two dimensional array of differentially functionalized surfaces bearing the 20 polymers in
our nylon-3 library, along with the five control surfaces (each polymer and control in duplicate),
was generated on a glass slide using a coverslip with 50 chambers. This array format enabled
rapid comparative evaluation of the members of the polymer library for the ability to support
cell attachment and proliferation.
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Cell adhesion to polymer-functionalized substrates

NIH 3T3 fibroblasts, an immortalized cell type commonly used in adhesion and spreading
experiments 21, were seeded onto glass substrates bearing the polymer array in both serum-
containing and serum-free conditions. After 24 hours of culture on these substrates, the
presence of viable and non-viable cells in each condition was evaluated quantitatively via
measurement of fluorescence intensity of the live/dead viability dyes that had penetrated the
cells (Figure 5). Photomicrographs were captured for qualitative assessment of cell spreading
and morphology (Figure 6). The techniques used for surface immobilization of the nylon-3
copolymers enabled rapid, simultaneous screening of multiple polymer formulations (Figure
5A).

The number of viable cells adherent to the surfaces could be controlled by the composition of
the immobilized nylon-3 derivative (Figure 5B). Specifically, polymers containing mixtures
of MM+CO (Pol-5 to Pol-8) or DM+CH (Pol-9 to Pol-12) were the most supportive of
fibroblast adhesion. Within these groups, cell adhesion increased with an increase in
hydrophobic component (CO or CH) and a concomitant decrease in cationic component (MM
or DM), with the highest levels of cell adhesion obtained on 60:40 MM:CO (Pol-5), 60:40
DM:CH (Pol-9), and 70:30 DM:CH (Pol-10). These surfaces supported not only greater cell
adhesion, but also morphologically healthier cells, as seen in Figure 6, relative to surfaces
bearing other nylon-3 copolymers. Fibroblasts cultured on Pol-5, Pol-6, or Pol-9 to Pol-12 were
well-spread and homogeneously dispersed across the culture surfaces.

Polymers containing MM+CH (Pol-1 to Pol-4) or MM+DH (Pol-13 to Pol-19) were
significantly less supportive of fibroblast adhesion with respect to both cell number (Figure
5B) and cell morphology (Figure 6), relative to the MM+CO and DM+CH polymers. With the
exception of Pol-1, fibroblast adhesion to surfaces bearing MM+CH or MM+DH copolymers
was not statistically different from adhesion to the control surfaces (C1-C5). Within the
MM:CH or MM:DH series, cell adhesion trends did not significantly vary with changes in
copolymer composition.

As illustrated by the photomicrographs in Figure 6, differences in cell morphology between
surfaces bearing the MM+CH or MM+DH copolymers and the more cell-adhesive copolymers
(Pol-5, Pol-6, and Pol-9 to Pol-12) were even more striking than the numerical differences in
cell adhesion shown in Figure 5. Even relatively modest increases in quantitative cell adhesion
measurements (Figure 5) corresponded to rather large differences in the density and quality of
cell adhesion to the surfaces, as seen in Figure 6. Surfaces bearing MM+CO or DM+CH
featured well-spread cells, but fibroblasts cultured on MM+CH or MM+DH substrates tended
to display greatly altered morphology (Figure 6); in the latter cases the cells displayed spindled
membrane protrusions and were heterogeneously grouped into clusters. Cell viability was not
affected by any of the polymer formulations, as the number of non-viable cells comprised
<10% of the population in each case and did not significantly vary across the different
conditions. Overall, the results show that although our polymer library is small, a wide range
of activities is evident within the library, including some cellular responses that are quite
promising with respect to biomaterials applications.

The ability of these functionalized surfaces to support cell adhesion was examined in the
absence of serum proteins, to complement the studies described above, which were conducted
in the presence of serum. As expected, significantly fewer cells adhered to the surfaces in the
absence of serum relative to the serum-containing conditions. However, somewhat
unexpectedly, several of the copolymers supported both fibroblast adhesion and a well-spread
morphology in the absence of serum. These polymer-specific trends in cell adhesion were
similar to those observed in serum-containing conditions; specifically, nylon-3 copolymers
containing MM+CO or DM+CH tended to be the most supportive of fibroblast adhesion in a
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serum-free environment, while the MM+DH copolymers were the least supportive (Figure 7).
Inaslight departure from the trend observed in the presence of serum, when serum was lacking,
a favorable adhesive environment was provided by two of the MM+CH formulations (Pol-1
and Pol-2). In the absence of serum, morphological trends followed the quantitative adhesion
findings, as previously observed in the presence of serum: well-spread cells were found on
surfaces that supported high numbers of adherent cells (Pol-1, Pol-2, Pol-5 to Pol-8, Pol-15
and Pol-16), while cells on the less adhesive surfaces were generally rounded in appearance
(Figure 8).

Protein adsorption to polymer-functionalized substrates

Cell adhesion in the presence of serum is frequently mediated via adsorbed serum proteins
22 Thus, protein adsorption to the nylon-3-functionalized substrates was measured in order to
investigate whether differential protein adsorption could be responsible for the trends in cell
adhesion found under serum-containing conditions. Protein adsorption was reduced on the
control (C1-C5) and dihydroxyl-modified substrates (MM+DH; Pol-13 to Pol-19) relative to
the other substrate conditions (Figure 9), which correlated with the low cell adhesion and
spreading observed on the control (C1-C5) and dihydroxyl-modified substrates. However,
there was little variability in protein adsorption across the remaining surfaces (Pol-1 to Pol-12,
Pol-19 and Pol-20), despite the fact that these surfaces support significantly different levels of
cell adhesion.

Comparison to standard cell-adhesive substrates

A subset of the nylon-3-functionalized surfaces was selected for further examination with
respect to cell adhesion and spreading analyses in the presence or absence of serum. The most
adhesive nylon-3 copolymers (Pol-5 and Pol-9), in addition to a representative low-adhesion
copolymer (Pol-15) and two control surfaces (C1, C2), were investigated relative to four
common cell culture surfaces: untreated polystyrene (PS), tissue culture-treated polystyrene
(TCPS), collagen-coated glass (Coll), and amine-modified glass (NH5). In the presence of
serum, both Pol-5 and Pol-9 supported a level of cell adhesion comparable to that achieved on
the positive controls, TCPS and Coll (Figure 10A). Even at an early time point, 30 minutes
post-seeding, spreading was evident in over 70% of the cells adherent to Pol-5 or Pol-9 (not
shown). Cell adhesion to the non-adhesive polymer (Pol-15) and the immobilization controls
(C1-C2) was similar to that achieved on amine-modified glass (NH,), while adhesion to
unmodified PS was significantly lower than that found on any other condition (p<0.02).
Substrates functionalized with Pol-5 or Pol-9 supported a cell morphology that was
indistinguishable from the morphology observed on collagen, a native extracellular matrix
component (Figure 10B).

When cells were seeded in the absence of serum, the overall number of adherent cells was
diminished relative to seeding in the presence of serum. However, in the absence of serum, the
two best nylon-3 copolymers (Pol-5 and Pol-9) demonstrated an ability to support substantially
greater cell adhesion than any of the other conditions, including the positive controls (Figure
11A; p<0.04). Under serum-free conditions only the surfaces modified with collagen, Pol-5,
or Pol-9 contained numerous well-spread cells, with the remaining surfaces populated by
sparse, rounded fibroblasts (Figure 11B). Although the collagen-modified surface supported
the expected high density of adherent cells in the presence of serum (Figure 10A), relatively
few cells were found attached to the collagen-modified surface in the absence of serum (Figure
11A). This difference suggests that the integrin-binding events that enable cell adhesion and
spreading on collagen may occur more slowly than the events that govern cell adherence to
the polymer-modified surfaces, or that the interaction of serum proteins with the collagen
coating facilitates greater cellular adhesion than does collagen alone.
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Translation to a biomaterial scaffold environment

PEG-based hydrogels provide a non-adhesive environment (often termed “blank slate”) that
is attractive for studying the interaction between cells and discrete peptide or peptidomimetic
moieties 23: 24. Moreover, PEG-based hydrogels have direct applicability as three-
dimensional scaffold materials for numerous tissue engineering applications 25. We observed
that covalent immobilization of selected nylon-3 copolymers to photo-crosslinked PEG
hydrogels significantly impacted fibroblast adhesion in a manner that paralleled the findings
on glass-based substrates. Specifically, the optimal copolymers (Pol-5 and Pol-9) supported
extensive adhesion and spreading of fibroblasts on the PEG-based surfaces (Figure 12). PEG
hydrogels bearing Pol-9 displayed a greater than two-fold increase in cell adhesion relative to
PEG hydrogels bearing the adhesive Arginine-Glycine-Aspartic acid (RGD) peptide. This
outcome is particularly notable, since RGD is widely used to promote cell adhesion to PEG-
based materials 12. The cells on the hydrogel bearing Pol-9 appeared morphologically healthy,
while fibroblasts on hydrogels bearing Pol-5 or Pol-15 tended to be more rounded and clustered
together (not shown). The dramatic difference between the PEG hydrogel bearing Pol-9 and
the PEG hydrogel bearing Pol-15, in terms of the extent of fibroblast adhesion and the
morphology of adherent cells, shows that the nature of the copolymer immobilized on the
hydrogel plays a crucial role in determining the quality of the material as a cell adhesion
substrate.

DISCUSSION

This research was motivated by two hypotheses: (1) the protein-like backbone of nylon-3
polymers should render these materials protein-mimetic without being susceptible to
proteolysis; (2) the range of side chain functionality available from recently developed p-lactam
precursors should enable the discovery of nylon-3 copolymers that are attractive to cells.
Validation of these hypotheses would introduce a new class of synthetically accessible and
functionally diverse polymers as potential tools for generating cell-adhesive surfaces, which
might ultimately be useful for tissue engineering applications. Synthetic molecules are valuable
relative to natural molecules, such as collagen or other proteins, for construction of cell-
adhesive surfaces due to challenges related to creating consistent, controlled, and tailored
environments using natural materials. In addition, the increased antigenicity and risk of
pathogenicity associated with natural materials are mitigated with synthetic materials .
Discrete synthetic peptides are often used to generate cell-adhesive surfaces 12: 26, but these
sequence-specific peptides must be prepared via a time-intensive step-wise process; in contrast,
the nylon-3 copolymers we have explored are assembled in a single step.

We undertook a combinatorial approach to test the hypotheses outlined above. It was
straightforward to prepare a library of nylon-3 copolymers with variable subunit identity and
proportion. Immobilization of this library in a two-dimensional array on functionalized glass
allowed rapid evaluation of these materials for promotion of fibroblast adhesion. A range of
cell-adhesive propensities was detected in this screen, demonstrating that significant
differences in cell adhesion can be achieved via relatively subtle changes in biomaterial
chemistry. Subsequent analysis revealed that glass surfaces bearing certain nylon-3 copolymers
were comparable or superior to a glass surface bearing collagen or to tissue culture-treated
polystyrene in terms of both the adhesion and spreading of fibroblasts. These latter surfaces
are widely regarded as excellent substrates for cell adhesion; thus, our screen enabled us to
identify nylon-3 copolymers with very promising properties.

Two lines of reasoning suggest that attachment density of the polymers to the substrates is not
the major determinant of the cell adhesion trends we have observed. First, polymers with the
same proportion of reactive amino side chains can display very different cell adhesion

propensities (e.g., Pol-5 vs. Pol-15). Thus, the extent to which the polymer-modified surfaces
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attract cells depends critically upon the non-reactive subunit. If attachment density were the
sole controlling factor, then the proportion of subunits that bear amine-containing side chains,
i.e., side chains that can react with the NHS esters on the surface, should be the major
determinant of cell adhesion propensity, which is clearly not the case. Second, comparison of
the two best polymer sets (MM:CO (Pol-5 to Pol-9) and DM:CH (Pol-10 to Pol-14)) with the
controls shows that it is better to have polymer on the glass surface than not to have polymer,
in terms of cell adhesion. However, within each series, cell adhesion is maximal for polymers
that have the lowest proportion of subunits with amine-containing side chains. If greater
polymer density were crucial, then the polymers with the highest concentration of amine-
containing side chains would be best, which is clearly not the case. If lower polymer density
were better, then no polymer at all should be best, which is clearly not the case. We cannot
rule out the possibility that the density of immobilized polymer at the surface plays a
contributing role in terms of cell adhesion, but our data indicate that polymer density cannot
be the principal determining factor.

It is particularly noteworthy that some of the nylon-3 copolymers we evaluated can support
the adhesion and spreading of fibroblasts in a serum-free environment. Under standard culture
conditions, which include serum, cells adhere to synthetic substrates via an intermediate layer
of adsorbed protein 22, Adhesion to selected (but not all) nylon-3-bearing surfaces in the
absence of serum therefore raises the possibility that receptors in the cell membrane (e.g.,
integrins) somehow recognize molecular motifs within the synthetic materials, i.e., that motifs
within the optimal polymers play a role analogous to that of well-established peptidic adhesion
signals such as RGD. Another possibility is that the cells respond not to specific constellations
of atoms but rather to biomimetic secondary or tertiary structures or higher-order assemblies
formed by the nylon-3 copolymers. The documented response of cells to synthetic nanofibrous
scaffolds, which is thought to represent mimicry of cellular response to collagen fibrils and to
be based on feature size rather than molecular-level signals, provides a precedent for this
hypothesis 3 27. However, extrapolating this hypothesis to our nylon-3 copolymers is
potentially problematic because these polymers have not been demonstrated to adopt specific
higher-order structures. Further, the stereochemical heterogeneity of these polymers makes it
unlikely that they form higher order structures of the necessary regularity for cell recognition.
Yet another possible explanation for the results we observe under serum-free conditions is that
specific membrane-bound extracellular matrix proteins on the cell interact with the polymer
substrate, as has previously been described for membrane-bound fibronectin regulation of
fibroblast adhesion 28. In the current work, the membrane-bound matrix proteins would
presumably have to display adsorption preferences among the different nylon-3 copolymers
we examined, leading to varied levels of cell adhesion and spreading on the various substrate
compositions. This hypothesis would account for the attachment of cells to specific polymer
formulations in serum-free conditions as well as the rapid spreading of a majority of these cells.

Further biological analyses will be required to decipher the mechanisms of attachment and
spreading of NIH 3T3 cells under serum-free conditions to surfaces bearing nylon-3
copolymers. This task will be facilitated by use of the experimental strategies described here.
The production of a library of systematically-altered, well-characterized copolymers, followed
by rapid screening of these materials via surface immobilization and fluorescent cell staining,
will enable the identification of specific chemical functionalities or motifs that regulate the
polymer-cell interactions we have uncovered. Results from such studies, in turn, should
facilitate the development of optimized polymers (which may have features not yet explored,
such as block architectures or stereochemical homogeneity) for cell adhesion as well as
elucidation of the mechanism of cell attachment to surfaces that display the synthetic polymers.

Our data show that cell adhesion to nylon-3-functionalized surfaces tends to increase with
increasing proportion of the hydrophobic subunit within the MM+CO and DM+CH sets.
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Although such a trend might be interpreted to indicate that cell adhesion is regulated primarily
or exclusively by protein adsorption, which in turn might be directly related to hydrophobic
subunit proportion, several lines of evidence suggest that other factors are operative. Previous
studies have shown that materials at the extremes of hydrophilicity or hydrophobicity tend to
inhibit cell adhesion 22 29: 30. For materials with a balance of hydrophobic and hydrophilic
features, however, increases in substrate hydrophobicity can enable increased cell adhesion
via increased protein adsorption 3. This trend appears to be reflected by some of our data,
specifically the adhesion findings for the immobilization controls (C1-C5) and the MM+DH
copolymers (Pol-13 to Pol-18). The MM+DH copolymer set contains the highest proportion
of hydrophilic subunits among all the nylon-3 copolymers we examined, and our data indicate
that these substrates permit only low protein adsorption and low cell adhesion (behavior
comparable to that of the controls). However, an explanation based solely on hydrophilic/
hydrophobic subunit proportion is not sufficient to explain differences in fibroblast adhesion
among surfaces displaying other nylon-3 materials, the copolymers Pol-1 to Pol-12 and the
two homopolymers, Pol-19 and Pol-20. Protein adsorption was constant among surfaces
bearing these polymers, but cell adhesion and spreading varied considerably among these
surfaces. Therefore, the variations among surfaces bearing these polymers must arise from a
factor other than extent of serum protein adsorption. The relatively favorable adhesion and
spreading of fibroblasts in the absence of serum on surfaces bearing selected nylon-3
copolymers provides further support for the hypothesis that the cells might somehow interact
directly with the attached polymers, independent of adsorbed serum proteins. This possibility
will be explored in future studies.

PEG hydrogels are commonly used not only as controlled, non-adhesive environments for
exploring the functionality of discrete biological or biomimetic moieties 23: 24, but also as 3-
D scaffold environments for tissue engineering applications 2°. We attached the most favorable
of the nylon-3 copolymers identified in our screen to PEG hydrogels in order to determine
whether their cell-attractive properties would be manifested against a non-adhesive
background, and to explore the feasibility of incorporating these new polymers into an
engineered scaffold environment. Current approaches for rendering PEG hydrogels attractive
to cells involve the incorporation of specific protein-derived adhesive sequences (such as RGD)
24, 32, or copolymerization of PEG with another material, either natural or synthetic 6 33:
34 that manifests adhesive behavior. Copolymerization or blending of PEG with another
synthetic polymer results in a material that is reliant upon non-specific protein adsorption to
facilitate cell adhesion; such an approach is not compatible with the creation of a controlled,
tailorable scaffold, and this strategy can potentially lead to scaffold immunogenicity 3°. Our
findings demonstrate that certain nylon-3 copolymers can functionally mimic specific cell-
adhesive peptide motifs, such as RGD, when attached to PEG: the resulting hydrogels support
cell adhesion and spreading more effectively than does a hydrogel bearing RGD, which is
generally considered the “gold-standard” for promotion of cell attachment to PEG 12,

Overall, the results described here suggest that nylon-3 copolymers represent useful new
materials for the development of cell-adhesive substrates. The ease with which these
copolymers are synthesized, via ring-opening polymerization of B-lactams, makes them
attractive relative to sequence-specific peptides, which require stepwise synthesis. Many
features of nylon-3 structures can be readily varied (subunit composition, subunit
stereochemistry, block vs. random copolymer architecture, nature of N-terminal group, length),
and it seems likely that the experimental approaches outlined here will enable the discovery
of additional useful examples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of an a-amino acid residue (left) with a -amino acid residue (right).
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Figure 2.
(A) Chemical structures of the B-lactams and co-initiators used in this work. (B) Example of
the polymerization/deprotection process.
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Chemical structures of the polymers examined in this work.
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Figure 5.

(A) Example of polymer screening setup and fluorescence images obtained during high-
throughput scanning of viable and non-viable cells adherent to glass functionalized with the
library of polymer formulations (Pol-1 to Pol-20) or control surfaces (C1 to C5). (B) Adhesion
of viable NIH 3T3 fibroblasts at one day post-seeding on polymer-functionalized substrates in
serum-containing culture medium, as measured by fluorescent intensity of an internalized
viability stain. *p<0.02 compared to C1 to C5, Pol-2 to Pol-4, Pol-8, and Pol-13 to Pol-20;
"p<0.04 compared to C1 to C5, Pol-2, and Pol-13 to Pol-19.
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Figure 6.

Photomicrographs of viable fibroblasts adherent to control (C1 to C5) and polymer-
functionalized substrates (Pol-1 to Pol-20) at one day post-seeding in serum-containing culture
medium. Scale bar = 50 pum.
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Figure 7.

Adhesion of viable fibroblasts at one day post-seeding on polymer-functionalized substrates
in serum-free culture medium, as measured by fluorescent intensity of an internalized viability
stain. *p<0.05 compared to C4 to C5, Pol-13 to Pol-19.
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Figure 8.

Photomicrographs of viable fibroblasts adherent to control (C1 to C5) and polymer-
functionalized substrates (Pol-1 to Pol-20) at one day post-seeding in serum-free culture
medium. Scale bar = 50 um.
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Figure 9.
Amount of protein adsorbed to control (C1 to C5) and polymer-functionalized substrates (Pol-1
to Pol-20) after 30 and 120 minutes of exposure to serum-containing culture medium.
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(A) Comparison of fibroblast adhesion on select polymer formulations (C1, C2, Pol-5, Pol-9,
and Pol-15) against adhesion on standard cell culture surfaces: polystyrene (PS), tissue culture-
treated polystyrene (TCPS), collagen-coated glass (Coll), and amine-functionalized glass
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all conditions not marked with a symbol. (B) Representative photomicrographs of adherent
fibroblasts corresponding to the conditions in (A). Scale bar = 50 um.
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Figure 11.

(A) Comparison of fibroblast adhesion in the absence of serum to select polymer formulations
(C1, C2, Pol-5, Pol-9, and Pol-15) against adhesion on standard cell culture surfaces:
polystyrene (PS), tissue culture-treated polystyrene (TCPS), collagen-coated glass (Coll), and
amine-functionalized glass (NH,). Cells were cultured for one day in serum-free medium.
*p<0.04 compared to all conditions not marked with a symbol. (B) Representative
photomicrographs of adherent fibroblasts corresponding to the conditions in (A). Scale bar =
50 pm.
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Figure 12.

Adhesion of fibroblasts to photo-crosslinked PEG hydrogels functionalized with a positive
control adhesive peptide sequence (Arg-Gly-Asp, or RGD) or functionalized with select
nylon-3 copolymers (Pol-5, Pol-9, and Pol-15), as measured by DNA content of cells bound
to the hydrogel surface. *p<0.05 compared to PEG; ~p<0.0001 compared to RGD.
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